Using a drop tube furnace, char samples were prepared from coals of different ranks, under conditions similar to those prevailing during pulverized coal injection into the blast furnace. The chemical structure of resultant chars was determined by quantitative X-ray diffraction analysis (QXRDA) and high-resolution transmission electron microscopy (HRTEM), and investigated as a function of pyrolysis temperature, heating rate and coal type. Among the parameters examined, pyrolysis temperature was the key factor influencing char chemical structure. Char obtained at higher temperature is generally more ordered, with the distinctive peaks becoming sharper and the background intensity becoming lower. Heating rate is another important factor affecting char chemical structure. Char is more ordered at lower heating rate due to the longer residence time. Although considerable differences were still observed in the chemical structure of chars prepared from coals of different ranks, it is clear that such differences are reduced after coal pyrolysis. Char structural evolution during post-pyrolysis and combustion was also investigated. The importance and potential applications of this work to the blast furnace PCI operation have been outlined. KEY WORDS: pulverized coal injection; coal pyrolysis; char combustion; char reactivity; char chemical structure. different ranks. However little systematic investigation has been reported on the influence of pyrolysis conditions on char chemical structure. As part of an overall study on char structure and char reactivity, this paper is focused on the effect of pyrolysis conditions on char chemical structure. A subsequent paper will discuss char physical structure. Char structure formed as a result of pyrolysis serves as the starting point of combustion during PCI operation. These wellcharacterized chars have been subsequently used to establish an understanding of the effect of char structure on char combustion reactivity.
Introduction
Pulverized coal injection (PCI) is one of the most effective technologies to reduce blast furnace (BF) coke consumption. The coke-making process is not only expensive, but it is also fraught with the potential for the generation of hazardous emissions, including noxious gases, hazardous dusts and other particulate materials. Thus by significantly decreasing coke requirements, PCI in turn can reduce hot metal cost and environmental problems related to cokemaking. It has been proven that 1) PCI can replace up to 40-50 % of the coke required for the blast furnace compared with a maximum of 25 % replacement with natural gas injection; 2) PCI can boost metal output by 10 % if stable operation is sustained; 3) PCI could lead to a 4-5 % decrease in hot metal cost due to the considerable difference in price between coke and non coking coal. [1] [2] [3] However, some coalrelated technical difficulties remain, which could greatly limit the PCI rate. [4] [5] [6] [7] [8] One of the key practical issues being addressed is the unburnt char inside the stack of a blast furnace, which can cause severe operational problems, such as reduced permeability, undesirable gas/temperature distribution and cohesive zone shape, excessive coke erosion and significant char carryover. Therefore, keeping the amount of unburnt char in the BF stack under a reasonable level while increasing PCI rate is always an aim of PCI operation.
Char combustion is considered to have a significant effect on the level of unburnt char in the blast furnace stack. It has been significantly enhanced for the last decade by increasing hot blast temperature and oxygen enrichment, and improving injection lance design. [1] [2] [3] [4] 6) This, together with iron ore quality and distribution control in the blast furnace, 9) has brought coal injection rate up to the current level of about 200 Kg/thm. However the blast furnace is operating at its upper limits where it becomes increasingly difficult to further increase coal injection rate without significant capital investments. To further increase coal injection rate, it is important to seek alternative approaches to enhance char combustion. It has been found that the combustion reactivity of chars prepared while using varying coals and conditions could be significantly different, [10] [11] [12] [13] [14] [15] [16] which provides opportunities to obtain more reactive char through coal selection and process optimization.
The importance of char structure to char combustion has been suggested in the literature. [17] [18] [19] [20] [21] Since char is formed during coal pyrolysis, the pyrolysis conditions are expected to affect char structure. By using 13 C-NMR (Nuclear Magnetic Resonance) spectroscopy and FTIR (Fourier Transform Infrared) spectroscopy, the chemical structure of fresh chars was investigated. [22] [23] [24] [25] Fletcher et al. 24 ) also compared the chemical structure of chars from five coals of different ranks. However little systematic investigation has been reported on the influence of pyrolysis conditions on char chemical structure. As part of an overall study on char structure and char reactivity, this paper is focused on the effect of pyrolysis conditions on char chemical structure. A subsequent paper will discuss char physical structure. Char structure formed as a result of pyrolysis serves as the starting point of combustion during PCI operation. These wellcharacterized chars have been subsequently used to establish an understanding of the effect of char structure on char combustion reactivity.
Experimental

Char Preparation
A drop tube furnace (DTF) was used in this investigation to prepare chars under conditions similar to those prevailing in the raceway region of a blast furnace. Details regarding the drop tube furnace can be found elsewhere, 8) and only a brief account is given here. It consists of a coal feeding system, a sampling probe, a gas distribution system and an electrically heated furnace. The composition of gaseous reactants, position of the sampling probe as well as feeding rate of coal particles are adjustable depending on experimental conditions. To prepare char, a metered stream of coal particles was entrained into the iso-thermal zone of the furnace by a preheated gas flow (99 vol% N 2 ϩ1 vol% O 2 ), and a char sample was collected using a water-cooled probe after a residence time of about 1 second. A slightly oxidizing atmosphere was used to burn off the volatiles released during coal pyrolysis. This was considered necessary to avoid contamination of char samples with soot and condensed tar. Three size-graded Australian black coals of different ranks were selected, and their chemical analysis is summarized in Table 1 . For coals 1 and 3, chars were generated at three temperatures (1 173, 1 473 and 1 773 K) in the DTF. In the case of coal 5, char was produced at 1 473 K. For comparison with chars generated in the DTF, a low heating rate char was produced from each coal using a laboratory tube furnace (LTF), which was ramped at 200 K/h up to 1 473 K in an inert gas flow (1 l/min N 2 ).
Char Post-pyrolysis
For high-intensity pulverized coal combustion systems like PCI operation in the blast furnace, char formed from pyrolysis will be further heated while entering the combustion zone. In order to distinguish this process from the primary pyrolysis experienced by coal, it is referred to as char post-pyrolysis in this study. A fresh char, produced from coal 3 at 1 473 K in the DTF, was selected to determine the effect of post-pyrolysis on char chemical structure. The fresh char was loaded into the isothermal zone of a laboratory tube furnace in a nitrogen flow of 1.0 l/min, and held there at 1 773 K for 10, 30, and 60 min, respectively.
Char Combustion
A fixed bed reactor (FB) was built in house to measure the intrinsic reactivity of chars with different chemical structure. Details regarding the fixed bed reactor can be found in the literature. 8) During experiment, a preheated and metered gaseous mixture of 70 vol% N 2 ϩ30 vol% O 2 (850 ml/min) passed through the char sample bed (about 0.25 g) and reacted with the char sample at about 673 K. The low temperature was selected to ensure that char combustion occurs in kinetic regime I, where the overall reaction is controlled by chemical reaction on the char pore surface. For each experiment, the off-gas composition was analyzed by an on-line infrared (IR) analyzer and recorded using a data acquisition system. The overall reaction rate on the basis of the remaining carbon mass (r m , g/g s) was therefore calculated from the off-gas composition while the intrinsic reactivity (r i , g/m 2 s) was calculated by considering the specific surface area of partly burnt char (A G , m 2 /g), which was measured using gas adsorption technology. Partly burnt char particles collected at different burnoff levels were also subjected to QXRDA and HRTEM observations to examine the effect of char burnoff on char structure.
Char Structural Characterization
Quantitative X-ray Diffraction Analysis (QXRDA)
Quantitative X-ray diffraction analysis was developed by this group in order to obtain maximum structural information of carbonaceous materials from their X-ray scattering intensity profile in the middle and high range of scattering angle. Details of this technique are available in the literature.
26) The observed intensity was corrected for polarization and then converted to the reduced intensity. Figure 1 is the reduced intensity profile of char prepared at 1 773 K from coal 3 in the DTF. Three peaks, in the neighborhood of graphite diffraction lines (002), (100) and (110), are expected over the examined 2q range. It was reported that the peak on the left was a combination of (002) and g, while the other two peaks on the right, (10) and (11), were two-di- mensional peaks. [26] [27] [28] Based on a precise and systematic analysis of the reduced intensity profile, QXRDA yields three structural parameters, i.e., amorphous concentration (x A ), aromaticity ( f a ) as well as crystallite size (L 002 ).
Amorphous Concentration
The total reduced intensity of char (I ) in Fig. 1 As seen in Fig. 1, I am is constant over the whole scattering range and was therefore believed to be contributed by a noncrystalline, or amorphous, carbon, while I Cr , consisting of three broad peaks, was thought to result from a graphitelike, or crystalline, carbon. Therefore two types of carbon structure, crystalline and amorphous carbon, were assumed to be present in the char. Due to its constant contribution over the scattering range of interest, the amorphous concentration, x A , was easily quantified. 26) Higher background intensity indicates a greater amorphous concentration.
Crystallite Size
The average size of the layer structure is usually used for characterizing the dimension of crystalline carbon. For crystallites suffering no lattice strain or distortion, the average size of crystalline carbon, L hkl , can be calculated using Scherrer's equation, 26, 27, [29] [30] [31] ........................ (2) where B hkl , f hkl are peak width at half maximum intensity and peak position of (hkl ), respectively. K is a constant depending on the reflection plane (hlk). According to Eq. (2), the sharper the (hkl ) peak is, the greater the crystallite is.
Aromaticity
Unlike graphite, char crystallite was found containing a considerable amount of aliphatic side chains. Aromaticity is the fraction of aromatic carbon atoms within the char crystalline structure. Since the g peak in Fig. 1 was believed to be associated with the aliphatic side chains on the edge of char crystallites, the area under the g peak should be equal to the number of aliphatic carbon atoms per structure unit. 26, 27) Similarly, the area under (002) peak should correspond to the number of aromatic atoms per structure unit. The aromaticity of char, f a , is defined, ..... (3) where A is the area under the corresponding peak, C al and C ar , the number of aliphatic and aromatic carbon atoms per structure unit, respectively. It is clear that char aromaticity increases as the g peak decreases.
High-resolution TEM (HRTEM)
High-resolution TEM observation of char samples was performed on a Philips CM200 FEG-TEM operating at 200 kV. The sample was first lightly ground in ethanol, and the floating fraction was dispersed on a standard copper grid with supporting membrane for observation. The bright-field micrograph was recorded at a magnification of 1 100 000 times, and then optically enlarged up to a magnification of 4 000 000 times. Figure 2 presents the spectra of chars prepared at different temperatures from each selected coal. Char amorphous concentration, aromaticity and crystallite size were determined from these XRD spectra using QXRDA, and plotted against pyrolysis temperature in centration of amorphous carbon decreases from 42 to 35 % for coal 1 and from 47 to 37 % for coal 3. Similarly for coal 5, it decreases from 38 % for raw coal to 35 % for the char prepared at 1 473 K. According to the coal structure suggested in an earlier publication, 26) coal was considered to consist of crystalline carbon (or crystallite) and amorphous (or noncrystalline) carbon. Small crystallites can be covalently bonded together via their side chains or other aliphatic chains, thus forming so-called coal macromolecules, with the amorphous carbon being trapped within it. When coal is heated, the association between amorphous carbon and the macromolecules is broken, liberating the amorphous carbon as volatiles, resulting in a lower amorphous concentration in the char. It is understandable that the higher temperature coal is exposed to, the more amorphous carbon is released as volatiles due to extensive thermal decomposition. As a result, the concentration of amorphous carbon in the char decreases with increasing temperature.
Results
Factors Affecting Char Chemical Structure
4.1.1. Temperature
Peak Profile
In Eq. (2), the average crystallite size, L hkl , is inversely proportional to the peak width at half-maximum intensity (B hkl ). Since the (002) peak was generally accepted as the stacking of aromatic layers in the char crystallite, 26 ) the average crystallite height (L 002 ) was calculated from this peak. In Fig. 2 , a considerable change in (002) profile was observed for all coals with increasing pyrolysis temperature, indicating a structural re-orientation during coal pyrolysis. Generally the (002) profile becomes sharper with increasing pyrolysis temperature. As a result, the L 002 value increases from 7.7 to 13.4 Å for coal 1 and from 12.9 to 17.3 Å for coal 3 after being treated at 1 773 K. It is expected that increasing pyrolysis temperature will promote the growth of char crystallites, consequently leading to a larger crystallite size. However, as shown in Fig. 2 , coals show different propensity to thermal treatment, with coal 1 being more sensitive to heat treatment. This is likely because coal 1 contains a high percentage of hydrogen and tends to undergo a softening stage during pyrolysis, which is expected to enhance structural re-orientation. It is also worthwhile to mention that the (002) profile of chars generated from coal 3 and coal 5 at moderate temperature (Ϲ1 473 K) is slightly broader than their parent coals, as shown in Figs. 2b and 2c. After being heat-treated at 1 473 K, the L 002 value decreases from 12.9 to 12.4 Å for coal 3 and from 14.9 to 11.9 Å for coal 5. Similar observation was also reported in the literature and attributed to the coplanar coalescence of small neighboring crystallites in high rank coals like coal 3 and coal 5, as a result of long-term pressure-and geothermalinduced orientation during coalification. 32) During pyrolysis, such coplanar coalescence will easily break up, causing the observed decrease in char crystallite size at low and moderate temperatures.
Two other peaks in the high angle region of char XRD spectra, (10) and (11) , were attributed to hexagonal ring structure in char crystallites. [26] [27] [28] 33) The spread of hexagonal ring structure, or average crystallite diameter, can therefore be calculated from either profile of these two peaks using Eq. (2). In Fig. 2 , both (10) and (11) become slightly sharper with increasing pyrolysis temperature, indicating an increase in crystallite diameter with temperature. However the change in (10) and (11) profiles is much less significant in magnitude compared with the (002) profile. Therefore, it is suggested that parallel re-orientation is the main feature of coal pyrolysis, leading to a higher crystallite height. This may be due to the constraints imposed by side chains, which prevent the adjacent crystallites from merging together during pyrolysis.
Asymmetrical Feature of the Peak on the Left
Theoretically, the (002) peak is symmetric, however the apparent asymmetry of the peak on the left in Fig. 2 was concluded to be due to the existence of the g peak on the left-hand side, which was found to be associated with packing of the aliphatic side chains on the edges of char crystallites. [26] [27] [28] It is evident from Fig. 2 that this peak becomes more symmetric with increasing temperature. At higher pyrolysis temperatures, more aliphatic side chains, which are not strongly bonded to coal crystallites, will detach from coal crystallites, and be transported out of the coal particles as volatiles. Since more aliphatic side chains are released at higher temperatures, the g peak subsides, giving rise to a more symmetrical peak. As a result, the fraction of carbon within the aromatic structure in char crystallites ( f a ) increases with temperature. As shown in Fig. 3 , with pyroly-sis temperature increasing from 1 173 to 1 773 K, the aromaticity increases from 71 to 81 % for coal 1 and from 70 to 84 % for coal 3. Similarly for coal 5, it increases from 72 % for raw coal to 75 % for the char prepared at 1 473 K.
Therefore, with increasing pyrolysis temperature, especially at a temperature higher than 1 473 K, char tends to be more ordered, as reflected by char amorphous concentration (x A ), aromaticity ( f a ) and average crystallite height (L 002 ). However, no significant change in char crystallite diameter was observed. Our observations on coal structural re-orientation during pyrolysis are in agreement with the four-stage structural orientation of carbon suggested by Oberlin. 34, 35) In Oberlin's model, it is suggested that there is hardly any growth in the diameter of basic structure units (BSU) even at 1 873 K. Since BSU are necessarily stacks of aromatic layers, they are very much similar to the crystallites observed here. Figure 4 presents high-resolution TEM images for chars prepared under different temperatures and heating rates. A significant amount of amorphous carbon was found in the char structure. Since amorphous carbon is not periodic, it forms many vague areas in char TEM images. As shown in Figs. 4(a) and 4(b) , although the layer structure is distorted and not well aligned in both chars, it tends to be more ordered and extended with increasing temperature. This is in agreement with the QXRDA results.
Heating Rate
Apart from the drop tube furnace (DTF), a laboratory tube furnace (LTF) was also used to generate chars at a lower heating rate in order to determine the effect of heating rate on char chemical structure. The chemical structure of resultant chars was then compared with those produced at the same temperature but in the DTF. Figure 5 presents the structural parameters of chars prepared at the same temperature but using two reactors with different heating rates. In Fig. 5 , the difference is clear; with lower heating rate char (LTF char) generally showing a lower amorphous concentration and higher aromaticity. In all cases except coal 5, the average crystallite height is also greater for LTF chars. This can be explained by the longer residence time accompanying the lower heating rate, during which char structure was expected to develop. According to high-resolution TEM observations in Fig. 4 , the layer structure of the LTF char (Fig. 4(c) ) is even more ordered than the char obtained at a higher temperature in the DTF (Fig. 4(b) ).
Coal Type
Figures 6(a) and 6(b) compare the XRD spectra of coals and chars produced from the same coals at 1 473 K in the DTF, respectively. In Fig. 6(b) , considerable differences were observed in char structure, with char prepared from coal 3 of higher rank being more ordered than that prepared from coal 1 of lower rank. However, it is clear that the differences in coal structure observed in Fig. 6 (a) are reduced. As mentioned earlier, coals behave differently during pyrolysis, with coal 1 showing more propensities to thermal treatment. Therefore the chemical structure of coal 1 is likely subjected to more changes during pyrolysis than the other coals of higher ranks, causing reduced differences in char structure as seen in Fig. 6(b) . This is in agreement with Fletcher's work, 23, 24) in which the authors measured the chemical structure of chars prepared from different coals using a different technique-13 C-NMR spectroscopy.
Post-pyrolysis
A fresh char, produced at 1 473 K in the DTF from coal 3, was selected to determine the effect of post-pyrolysis on char chemical structure. The fresh char was held in the isothermal zone of a laboratory tube furnace at 1 773 K for 10, 30, 60 min, respectively. All heat-treated chars were subjected to QXRDA, and the results are shown in Fig. 7 . It is seen that char becomes more ordered after being heattreated, with all distinctive peaks becoming sharper, the peak on the left more symmetrical and background intensity reduced. This is because post-pyrolysis occurs at a higher temperature and for longer time, compared with conditions used for preparation of the fresh char. Therefore during post-pyrolysis, the molecules, which have not been liberated during primary pyrolysis, are released as volatiles while the crystallites continue to associate with a perfect orientation to form larger crystallites. As shown in Fig. 7 , different peaks change with time to different degrees, indicating that the (002) peak grows more significantly than the (10) and (11) peaks. This again suggests that, like primary pyrolysis, the parallel orientation is more predominant during the char post-pyrolysis process, leading to a considerable increase in the height of char crystallites. Such structural re-orientation along the direction normal to the aromatic layers will also enhance other (00 l) reflections, such as the (004) peak, as shown in Fig. 7(a) . In contrast, only a slight change in the (10) and (11) profiles was observed. Fig. 7(b) shows the structural parameters obtained from the corresponding XRD spectra. After being heat treated at 1 773 K for 10 min, the crystallite size and aromaticity of the fresh char increase from 12.4 to 31.6 Å and from 81 to 94 %, respectively, while the amorphous concentration decreases from 42 to 25 %. After 10 min, no significant structural re-orientation was observed.
Char Burnoff
The same char, prepared at 1 473 K in the DTF from coal 3, was also used to investigate the effect of combustion on char structure. Char combustion was controlled in kinetic regime I and stopped at different burnoffs. Partly burnt chars with different burnoffs were examined using QXRDA and HRTEM. In Fig. 8 , the amorphous concentration, aromaticity and crystallite size of partly burnt chars are plotted as a function of char burnoff. During char combustion, the amorphous concentration of char decreases, while the aromaticity and average crystallite size of char increase. It was experimentally verified that no thermal effect occurred in char during combustion due to the low combustion temper- ature (about 673 K), which is much lower than that for char preparation. Therefore, the change in char structure was attributed to the role of oxygen, or oxidation, rather than thermal effect. It is reported in the literature 36) that the dissociation energy of C-C bond varies with carbon structure, for example, 544 kJ/mol is required for breaking the C-C bond within aromatic rings while it is only 343 kJ/mol for C 2 H 5 -ٌ CH 3 and 251 kJ/mol for CH 3 -R-CH 2 -ٌ CH 3 . Due to the significant difference in the dissociation energy of the C-C bond, it is likely that carbon atoms in different structure have different reactivity to oxygen. Carbon atoms, such as those in the amorphous phase and at aliphatic side chains, are expected to be more reactive and will be preferentially removed during the reaction. As a result, char amorphous concentration decreases and aromaticity increases. The slight increase in L 002 could be associated with the merging of neighboring crystallites and preferential consumption of small crystallites during combustion. Therefore char becomes more ordered during combustion even at an extremely low temperature.
QXRDA results are also supported by HRTEM observations. Figure 9 shows the high-resolution TEM fringe lattice images of fresh char ( Fig. 9(a) ) and char partly burnt at the burnoff of 43.1 % (Figs. 9(b) and 9(c) ). It was found that, although a significant amount of disordered material, or amorphous carbon, exists among the layer structure of fresh char, the layer structure of some crystallites in partly burnt char is well developed and becomes much clearer. In Fig. 9(c) , which was taken at a relatively lower magnification, the crystallite boundary of partly burnt char was observed due to the preferential consumption of disordered carbon, which usually exists between the crystallites and makes the crystallite boundary ambiguous.
Influence of Char Chemical Structure on Char
Intrinsic Reactivity Three chars, prepared from coal 3 at 1 473 and 1 773 K in the DTF (Figs. 2(b) and 3(b) ) and 1 473 in the LTF (Fig.  5(b) ), were selected to examine the effect of char chemical structure on char reactivity. The char prepared from the same coal at 1 173 K in the DTF was not included due to its high volatile matter content. The reactivity for all three chars was measured at a similar burnoff level of about 8 % to avoid the likely effect of char burnoff on char reactivity. Figure 10(a) presents the intrinsic reactivity of these chars. According to Figs. 2(b), 3(b) and 5(b) , char prepared at higher temperature and lower heating rate shows a lower reactivity. Presumably, the difference in char reactivity resulting from mineral matter, if any, was minimized to the lowest extent under the present conditions. This assumption was later experimentally confirmed. The difference in surface area between chars has also been accounted for by considering the intrinsic reaction rate. Therefore the difference in reactivity between chars observed in Fig. 10(a) can only be explained by the difference in char structure. Although all chars were made from the same precursor, they have different chemical structures after being heattreated at different conditions. As observed earlier, char from higher temperature and lower heating rate generally shows a lower amorphous carbon concentration and higher aromaticity. Since carbon atoms in the amorphous phase and at aliphatic side chains are more reactive, char from higher temperature and lower heating rate is less reactive. Figure 10 (b) compares the intrinsic reactivity of chars partly reacted at three different burnoff levels in Fig. 8 . It is understood that the active carbon atoms in the amorphous phase and at aliphatic side chains will be preferentially removed during combustion, consequently char structure becomes more ordered during combustion, hence less reactive.
Discussion
Importance of Char Chemical Structure to
Pulverized Coal Injection During pulverized coal injection, coal is rapidly heated by high velocity, usually O 2 -enriched hot blast (1 050-1 300°C) after leaving the injection lance and then devolatilized, leading to the formation of char. This process is followed by heterogeneous combustion of the resultant char. Since the residence time available for coal pyrolysis and char combustion is extremely short in the raceway region of a blast furnace, it is likely that, at high PCI rate, a significant amount of unburnt char could accumulate in the BF stack, causing severe operational problems. Since char combustion is much slower than coal pyrolysis, char combustion reactivity is of primary importance with respect to the level of unburnt char, and consequently to the stable operation and energy efficiency of a blast furnace. For example, in pulverized coal combustion systems where particle heating rates are of the order of 10 4 -10 5 K/s, the volatile matter is evolved within the first 10-100 ms of the particle entering the furnace, while the char burnout times are typically of the order of 1-4 s. 17, 37) Therefore, any factors influencing char combustion reactivity have important implications for PCI operation.
According to heterogeneous solid/gas reaction kinetics in Fig. 11 , char combustion can occur in three different regimes, depending on char particle size, reactor type, reaction temperature, and reactants. 17, 38) It is seen in Fig. 11 that the intrinsic chemical reactivity of solid reactants becomes less important as the reaction temperature increases. However, in view of the small particle sizes used in PCI operation (more than 80 % less than 75 mm) and the highly turbulent conditions that exist in the blast furnace raceway within which the coal is combusted, the overall rate of char combustion is expected to be significantly influenced by the intrinsic chemical reactivity of char, which was earlier demonstrated to be determined by char chemical structure. It was found in this study that chars obtained under different conditions showed different chemical structure, consequently different intrinsic reactivity. This provides opportunities to obtain a more reactive char structure by selecting an appropriate coal and optimizing process conditions.
The unburnt char carried from the raceway, will further react with CO 2 , hot metal and slag, depending on location in the blast furnace. Unburnt char is expected to interact with hot metal and slag in the lower part of the blast furnace, while CO 2 gasification of unburnt char will occur in the upper part of the furnace where CO 2 is generated from iron ore reduction. Compared with char combustion, char gasification is much slower, 39) and is likely located in kinetic regime I under the conditions in the upper part of the furnace. Therefore the overall reaction rate of char gasification will be dictated by char intrinsic chemical reactivity to CO 2 , which is in turn determined by char chemical structure. It is also reported that char chemical structure can play an important role during char dissolution in hot metal and slag smelting reduction. 40, 41) 
Char Chemical Structure under Pulverised Coal
Injection Conditions Among the parameters examined, pyrolysis temperature and heating rate are two key factors influencing char chemical structure. Therefore the drop tube furnace was specially designed to simulate the temperature and heating rate experienced by coal particles during blast furnace PCI operation. During PCI operation, pulverized coal is rapidly heated by high velocity hot blast, and the heating rate is estimated at the order of 10 5 K/s. For the particle size of pulverized coal, the drop tube furnace can be operated at a gas temperature of up to 1 600°C with a particle-heating rate of about 10 4 K/s. Due to the extremely high heating rate, coal pyrolysis is expected to finish in less than 100 ms, leading to the formation of char, while char combustion will not take place until the end of pyrolysis. Therefore fresh char is formed at a temperature similar to the blast temperature. Combustion will have negligible effect on the chemical structure of fresh char. Therefore the drop tube furnace is suitable for simulating the conditions experienced by coal particles after entering the tuyere region of the blast furnace. According to the DTF investigation, chars prepared form higher rank coals at higher temperatures and lower heating rates, generally show a lower amorphous concentration, higher aromaticity and larger crystallite size, and therefore are less reactive. From the viewpoint of char chemical structure, low blast temperature and high volatile bituminous coal are favorable. Figure 12 (a) compares the XRD spectrum of high-purity synthetic graphite with that for a typical char produced from coal 3 at 1 773 K using the DTF. Although char structure becomes more ordered during pyrolysis and combustion, both the (002) and (10) as well as (11) peaks of char are much broader than the corresponding peaks for highpurity synthetic graphite. Neither higher order reflections of (00l) nor (hkl) reflections are observed in the XRD spectra of chars except for some chars from post-pyrolysis, which show the (004) peak. The average crystallite height for graphite was calculated to be about 215 Å, corresponding to about 63 graphitic layers, which is much more than the average number of 3-10 graphitic layers in char crystallites. Therefore char structure was considered to be similar to the turbostratic structure of coal, which is an intermediate form between graphite and amorphous carbon. The poor ordering in char structure is due to the low preparation temperature which is much lower than that required for graphitization (Ͼ2 200°C), and the short residence time. It is also evident from Fig. 12(a) , that the char (002) peak is located to the left of the (002) peak for graphite, indicating that the layer spacing of char crystallites is larger than that of graphite (3.36-3.37 Å 26) ). Figures 12(b) and 12(c) present the high-resolution TEM images of the same materials shown in Fig. 12(a) . Based on the TEM images, the following observations can be made: 1. Compared with graphite ( Fig. 12(b) ), char layer structure (Fig. 12(c) ) is very short and distorted, therefore not well developed. 2. Significant amount of disordered carbon exists in the char layer structure. 3. Unlike graphite, char layer structure is not strictly parallel. All these observations are in good agreement with the XRD analysis above.
Application of Quantitative X-ray Diffraction
Analysis to the Blast Furnace PCI Operation Although many techniques, including transmission and scanning microscopy, nuclear magnetic resonance spectroscopy, Fourier transformation infrared spectroscopy, Raman spectroscopy and X-ray diffraction, have been applied to examine char chemical structure, it has yet to be fully understood due to its complexity and heterogeneity. The quantitative X-ray diffraction analysis technique can differentiate and quantify the different types of carbon structure, i.e., carbon in the amorphous phase (x A ), carbon at aliphatic side chains ( f a ) and carbon within the aromatic structure (L 002 ), which were found in this study and in the literature 18) to have a distinct reactivity with respect to oxygen. Since these parameters have important implications for char reactivity, this quantitative technique can be a useful tool to correlate char structure with char reactivity, in order to predict char performance during blast furnace PCI operation. In addition, the influence of processing parameters and coal type on char chemical structure, together with the understanding of the influence of char chemical structure on char reactivity, could be very useful in evaluating coals of interest and processing variables for blast furnace PCI operation. Therefore, this technique has the potential to be used as part of a coal evaluation program by blast furnace personnel.
This quantitative X-ray diffraction analysis technique has also been successfully used to examine the evolution of char chemical structure during PCI operation. A quantitative description of char structural evolution is required for combustion modeling work. It is reported in the literature 19) that previous combustion models usually overestimated the char combustion rate. The reason for this overestimation may be that the previous work assumed a constant char intrinsic reactivity and did not account for the char deactivation that is caused by char structural evolution during char combustion and post-pyrolysis. Given the influence of char chemical structure on char reactivity, incorporation of the structural evolution observed in this investigation within combustion models should lead to improved model predictability.
Conclusions
(1) Pyrolysis temperature and heating rate are two key factors influencing char chemical structure. Chars prepared at higher temperatures and lower heating rates, generally show a lower amorphous concentration, higher aromaticity and larger crystallite size.
(2) Considerable differences were observed in the chemical structure of chars prepared from coals of different ranks, however, it is clear that such differences are reduced after coal pyrolysis.
(3) Chars tend to be more ordered after heat treatment, with the distinctive peaks becoming sharper and the background intensity becoming lower. (4) Char structural evolution was also observed during char combustion even at temperatures as low as 400°C, with the amorphous concentration of char decreasing and the aromaticity and crystallite size of char increasing.
(5) Both XRD and HRTEM observations suggested that char structure is similar to the turbostratic structure of coal. The poor ordering in char structure, when compared to graphite, is due to the low char formation temperature (900-1 500°C) and the short residence time (about 1 s).
